Composition and accumulation of recent sediments in
Liake Michigan

B} Eadie, LA. Robbins

NOAA-Grear Lakes Environmental Research Laboratory,
2205 Commanwealth Bivd.,
Ann Arbov, ME 481035, USA
brian.eadie(inoaa.gov

Keywaords: gran size, geochronologies, sediment accumulation, conlaminan
distnibutions, organic carbon, carhonates

Iniroduciion

Lake Michigan developed primarily by ice flow channeling during glacial remreats
between 11,8 and 13,5 thousand years ago, With the final reweat of the glaciers
and subsequent lowering of water levels, the lake passed through several
configurations, finally reaching its current form 4-5,000 years ago (Colman et al.,
1994; Larson and Schaetz], 2001). The basin continues & slow rise from the isostatic
rebound after the removal of glacial ice. Lake Michigan presently has a surface
area of 57,800 km® and volume of 4,920 k', making it the third largest of the
Nowth American Laurentian Greal Lakes and the stxth-largest fake in the world
(Herdendort, 1990). The lake 15 surrounded by a relatively small drainage basin of
only twice its surface area (EPA, [995). It couples with Lake Huron at the Straits
of Mackinac ir the north, and water exchanges oceur in both direchions (Saylor
and Sloss, 1976). Net outflow to Lake Huron, plus small diversions into the Chicapo
River are the sole oullets, and only a tiny fraction (~1%) of the water volume is
lost annually by combined ontllow.
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The open lake has thres principal barhyimetnic features: seuthern and norther
basins plus a comparatively shallow mid-lake sill (<100 m} that separates them
{figure 1), The southem basin is nearly sylametncal with shelves sloping downward
in1o the 160 m deep central region. The southern basin has the largest civer input,
as well as the greatest density of mumcipal and industrial retivities in the lake
system. The northern basin is the deepest (maximum sounding - 281 m), and the
nurtheastern region has a very complex ropography of small ridges, valleys, and
wslands, The mid-lake high 15 o relatively shattow sill (<100 m) that extends outward
from the western side of the lake. In addition to the open lake, there are large
embayments in the northwestern and northeastern region, Green Bay and Grand
Traverse Bay, respectively, Green Bay is relatively shallow with the largest single
viver input (Fox River) to the lake at its southern end. Grand 'Traverse Bay is split
mnio two deep arms (160-180 m) giving the bay a fjord-like character.

Sources of particulale matler

Shorehine crosion is the major contributor of sediments 1o Lake Michigan (Rae ¢l
al., 1981} as it is for the other Grear Lakes except for Ontanio, For Lake Michigan,
the erodable bluffs are predominantly along the southern and western shore of the
lake. Although table | shows that moro sand enters the lake than fine-grained
matenials, our focus m this chapter 15 on the fine-grained materials that are
subsequently distributed throughout the lake. The sand primarily remains in the
coastal regions of the Take. Since bluff matenals constitule the vast majority of
particle input (table 1) and there were no reported compositional information, we
sampled a suite of 10 bluff locations from Indiana Dunes Lo the Door Peninsular
of Green Bay. The compaosition of the bluffs ranged fivm coarse sand w a sandy-
loam, with a <250pm fraction canging from | 2-68% of the masy, This fine fraction
had an organic carbon content of 108269 mg C o' and 8.8 £ 5.5 mpg C g of
inorganic carbon. The organic C/N (atomic) was 26 + 4,

Tribitaries are the second major source of particulate materials to the lake.
Many of the lake tributaries drain both sericultural and municipal basins and

Tuble 1. Inputs of particulate matters w Lake Michigan in 10 Ly

Referencis Erosion Rivar  Atmosphere Tobal In Total Owl
Ree. 1981 Total 14.7 0.7 03 8.2 J6.2

* Coleman., 1094 Mud 3 U3} .34 L& 30

* Colesian, 1904 Sand iz f 0 3.8 0

* {Colman anid Fester, 1994} paly vsed daly from the southern balf of Lake Michigan
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Fig 1 Map of the senemlived sediment depasitiondal basing {from Cahill, 1981). Darkest arcas
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introduce a sigoificant action of anthropogemc compounds. The Grand and St
Joseph Rivers, the two mujor inibutaries (o the open lake, are located on the eastern
side of the southern basin, The Fox River, discharging into southem Green Bay, is
the largest tributary but its load of sohids is mainly deposited in the bay itself with
little reaching the open lake. Only minor rivers are tribufary to the northern basin
and Grand Traverse Bay, thus they are not a significam sowrce of solids to the
open fake. Estimates of particie load from mbutanes are summarized in table 1.
Acolian sources of particulate matter are similar i magnitade 1o the inbutanies.
These matenals include dust and combustion by-products and are generally finer
than rributary matenals.

fn addition, there are several types of particulate material that ave produced
within the lake. The domunant primary producers are the diatoms. These organisins
prociuce an exoskeleton of amorphous silica in addition 1o converting dissolved
inorganic constituenis to particulale organic matter af a rale of approximately |2
wg C cm? y', using reporied spring-summer values of primary production
(Fahnenstizl and Scavia, | 987) and half these rates for the other six months, Almost
all of the biogenic silica remineralizes back to the dissotved form (Parker et al.,
1977) and only abowr 5% of the organic inatter reaches the sediments (Eadie et
al., 1984) where 11 undergoes further decomposition. There are also three sources
of calcium carbonate. A form of caleite precipitaies annvally from warm surface
waters, especially in the southem par of the lake. Ancienl carbonates, belisved to
be predonnantly dolomite, erade from the Nisgaran reef formations along the
southern and western shore and shallows of the lake. Recently, the zebra inussels
are producing a third source of carbonates. Much of the calcite dissolves when
the lake cools, but carbonate concentrations can reach concentrations of over
25% 1o the sediments of the southeastemn region of the lake.

Rae et al. (1981) estimated loadings to the catire lake using data from several
sources (lable 1). Subsequently Colman and Foster (1994) estimated loadings
separalely of mud (fine particles) and sand for fhe southem basin anly using some
of the same data along with a large amouwnt of new mformation collected in a
sonthern Lake Michigan shoreline erosion project {Folger ef al | 1994). Since most
shareline erosion 15 in the southern half of the lake, the estmale for the whole lake
used by Rae et sl derived from {Monteith and Songozni, [976), appears to be oo
high. In the earlier budget, the outpur term (table 1) was set equal 1o the Lotal inpul
to balance the budget, In the more recent study the output term was independently
estimated from sediment accumulalion rates (Edgington and Robbins, 1976a).

Particulate martier in the water column

There are sirong seasonal and vertical patterns of suspended material in the water
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columan. [t the apen lake, the near surface suspended mauer ranges from 0,510 2
mg "' {figure 2) and 15 dominated by sediments resuspended in the late fall and
winter, followed by diatoms in spring and early summer and finally an anthigenic
calcite precipitation beginning in late summer into early fall (Eadie e al., 1984;
Robbing and Eadie, 1991). In the water coluning the particle sjzg distribution
throughoui the year 18 predominantly between 4 and 32 pm (Eadie et al., 1990).
The late summer carbonate “whiting” event is common 1o all of the lakes except
Superior (Strong and Eadie, 1978), and the siz¢ range of the avthigemeally
precipitating CaCO, n Lake Michigan is 2-16 pm, with an average of 7 um
(Vanderploeg etal., 1987).

Particle septling and resuspension processes have been examined in Lake
Michigan through the use of scdiment traps since the mid 19705 (Eadie et al.,
1984; Wahlgren et al., 1980). Cylindncal rraps, designed for conditions in the Great
Lakes (Bloesch and Bums, 1980; Muzzi and Eadie, 2002) are moored at selected
depths to intercepl materials settling to the bottom, Traps provide an cfficient tool
for the collection of mtegrated samples of seitling materials for detailed analysis.
Messuring the mass collected allows calculation of the gross downward flux of
particulate matter and associated constituents. A mean particle setiling rate is
calculated as the ratio of mass flux 1o ambient suspended solids concentrations
defined as the mean of values obtained at start and end of deployment. A long-
term record from a 100 m deep site, 25 km off Grand Haven, M1 illustsates these
values {figure 1),
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Fige 2. Seasonal toncentmlion and orgasiic, inorganic carbon, and non-caleite morganie suspended
matlEr i near-syrface waters at 3 100 m decp site in ambepstern Lake Michigan in 19846, The sprng
penk iz priman iy due to sediment resuspension pror to thermnl Sratification, while the late surmmer
peak 1 due to Cal0), precymtation.
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Profiles of sedinent traps were first déployed at the 100 m deep site in 1978
and, for most years. sampling bas comtinued since then. The lopg-term average
mass Muxes measured from 1978 10 2002 are presented in figure 3. Throughout
2002, profiles of mass flux exbibil an exponeniial increase toward the boltom, a
benthic nepheloid layer (BNL) beginniog within 10-20 m of the bottom (Chambers
and Eadie, 1981; Eadie et al, 1984). In the BNL, concentrations of suspended
mtter more than doubles, and mass fluxes show increases of up to a factor of
len. There has been some speculation on the formation and dynamics of the BNL
(Chambers and Eadie, 1981; Eadizc et al., 1984; Eadie and Robbins, [987: Hawley
and Murthy, 1993) but more definitive work is needed to determine 115 properties
and overall imporiance in sediment apsport. From late December through early
June, Lake Michigan is virtually isothermal and well mixed, Average fluxes during
this penod are high throughout the water column, During the stralified penod
(June-December), the upper half of the witer column becomes isolated from the
large inventory of materials in the sediments, although episodic mixing does occur
during upwellings, During this period, a strong BNL is elearly evident from the
mass flux profile.

Average particle settling velocities also show substantial differences between
the two thermal perieds (figure 3). During the stratified perjod, these calculated
seftling velocities in the epilimapion (0.5-1 e d'') agree with those required to model
the long-term behavior of fallout radiorracers (Robbing and Eadie, 1991). Settling



velocities estimated for the BNL (several m d'') shows clearly that frequent
recharging of the BNL is required in order to mainiain its observed pereistence.
The BNL is a regular feature in all of the Great Lakes and appears to be composed
primarily of resuspended sediments. In the shallow waters of the shelf and slope,
surface and internal waves and occasional strong curments Tesuspend sediments,
sorting the particles and transporting them horizontally as well os vertcally. The
cycle of resnspension and redeposition has the effect of producing a resuspended
nool composition thal 1s relatively uniform within major basins of the lakes,

Long-term patierns of sediment accumulation

The first substantive efforts to exanune the geology of Lake Michigan were
conducted by Hough (Hough, 1958). This was followed by seisnne profiling of
sediments to characlerize their stratigraphy on geologic time seales by Linehack
etal. (Lineback etal | 1970; Lineback etal., 1971}, They discemed an upper, most
recent stratigraphic unit, the Waukegan Member (age ~ 3,500 y) of the Lake
Michigan Formalion, that was churactenized by a gray silt in the center and eastemn
side of the southern hasin (thickness up to 9.2 m) and a brown #ilt (thickness less
than 0.3 m) along the western half of the southern basin and the mid-lake high
(Cahill and Shimp, 1984). Surface sediment electrode potentials (ER) werg found
to be lower in the gray silt (Cahill, 1981), consequently they are more reducing
than the brown silt marerials, I was speculated (Cahill and Shimp, 1984) that the
more reducing conditions was cansed by microbial decompaosition of the organic
maticr coming from the rivers on the southeasiern portion of the lake. However,
this unit was not uniformly resolved across the lake floor, especially in areas over
the mid lake sill and on the western side of the lake where modem sediment
accumulation rates ars known 1o be low

A subseguent study (Colman et al, 1994) was unpable 1o discern a unigue
Wankegan Member over the enfice southern basin, and restnicted their interpretation
to an upper (single unit) and lower (seven umts) designanen for the Lake Miclhigan
Formation. The upper unit contained the gray to brown silts and is separated from
the lower Lake Michigan Formation by the Chippewa unconformity, a transgressive
period lastmg from 10,3 to 4,8 ka, The sediment accpmulation jHustrated in figure
4 (Foster and Colman, 1990) represents the matenals accumulated sinee the
Chippewa unconformity, approximately 10 ka. The dates are based on C analyses
of carbonates and are uncorrected for the presence of old cabon in the systerm
(hard water ¢ffeet) estimated o make the dates o old by approximately 500
years (Colman ot al,, |994),

The Upper Lake Michigan Formation of postglacial sediments is asvmmetric
(Cahill, 1981+ Foster and Coleman, 1990; Linehack and Gross, 1972), with the
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greatest accumuolations found in a series of basing about 20 ki from (he eastem
shore and degreasing towards the dezpest sounding in this basin {figure 4), These
gecurnatlalion basing, with sediment (hckoess up to 20 m, are on the slope, and
sedhment thickness decreases towards the deep, central portions of the lake, There
is essentially no scowmulation of sedment on the southwestern poartion of the
basin, and little along the western side of the lake. There is also a large region in
the central part of the lake where sediment has not accumulated.

Recent patterns of sediment accumulation

Muodein approaches to the measurement of sediment accumnlation rares in Lake
Michipan were first apphed on a suite of carefully collected graviry cores (Robbins
and Edgington. 19735). They used profiles of two radionuclides: 'M'Cs, an
anthropogenic isotope {1 =30 y), with a well measurcd source ta the Great |akes
(Roblbins, 1983), produced in the atmaspheric detonation of thermenuclear devices,
and “*Ph. (1,=22.3 y), & natural decay product of "1, They also developed
models necessary fo coavert the messuremends inlo geochronologies. Refined
models, along with their assumiptions and limitations have been further developed
over the years (Edgington and Robbins. 1976a; Robbins and Herche, 1993}, The
two radionuclides can provide complementary information, since the cate of delivery
of "Pb is approximately constant, while the debivery of the '"Cs arrived as a
pulse, mostly between 1960 and 1963, Both have a high affinity for particles,
although '*'Cs is preferentially associated with clays while the V'*Pbis less selective,
although it does appear to co-precipitate with calcite during the annual lake wide
“whittings™ (Van Hoof and Andren, 1989). When compared to the steady-state
peotiles of Y'°Ph, the pulsed 'Cs data can provide information relating to in-lake
processes occurring from multi-year o multi-decade time scales.

Radiomerric analysis of eight cores (Robbing and Edginglon, 1975) viclded a
range of linear sediment acewmulation rates from 0.07 1o 0.28 em y' and surface
mixing depths (hivtorbation) of 0-4 e The accomulation ales were shown 1o
correlate well with the thickness of the Waukegan Member. Subsequent analysis
of |3 cores from the zouthern basin { Edgington and Rabbins, 1976a) provided an
estimate of the mesn vet mass accumulation ratg for the basin of 7.0 mgem? v
using both stable Ph and "Pb. Depth-integrated inventories of 'Cs from 51
cores in the southern basin (Cdginglon and Iobbins, 1976b) produced an
accumulation map very similar to the high depositional region in southeastemn Lake
Michigan identified in the Waukegan Member as well ns the upper Lake Michizan
Formation {figure 4). Discontinuifics in the ™®Pb profiles in two cores from the
high depositional region in the southeastem basin were correlated with mazjor storns
over the past century. This is the first record of starm-induced sediment transport
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in the Great Lakes, an interpretation that has grown in importance over the years
{Eadie et al., 2002; Eadie exal., 1996; Hermanson and Clwistensen, 1991; Mortimer,
1988). A synthesis of all mass accumulation data results in a lake-wide average of
22mgem* yl.

Within a decade of 1ts production (Edgington and Robbips, 1976¢: Edgingion
and Roboins, 1976b) “'Cs and {co-produced) #*"*'Pu had moved into the
deposilional region i the southeastern basin producing patems similar 1o long-
wermn accinrdation. The detnled coring grid in the southeastem deposinonal region,
callected in 1972, was revisited in 1982 1o 1est whether “Tocusing” of sediments
tagged with “'Cs was completed by 1972 or had continned during the subsequent
decade (Edgington and Robhins, 1990). Resulting contour pluts of the svo sets of
B1Cs inventories clearly showed that there was 4 net movement from the edges
of the basin, or from ouside the basin, into the regions of highest deposition. Thus,
while the majority of sediment “{ocusing” had occurred within the fivst decade
after introduction of the majority of the tracer. the process continued. Sediment
trap data, discussed below, has provided further confirmation of sediment
remobilization, pamanily by storms during the unsrranfied period. Inventones of
radionuclides, or any other constituent with a known source and post-depositional
alieration, can be used 1o estimate a focusing factor. This i defined as the ratio of
the total mventory of constituent in the core to the total amount delivered 10 the
lake and averaged aver the lake area, The defimtion must be madified il the lake
it not clased (no significant outflow} with respeet o a specific constiluent, Bath
s (Hermanson et al., 1991, Robbins, 1985) and unsupported **Pb (Golden et
al., 1993) have been used to estmate lake wide loadings of other constituents
from a few cores. This method of estimating mean loadings based on
atmospherically dehvered radionuchides is certamly not valid if there are significant

Tiahfe 2. Nel Mass Accumulation Raie (mg em? y')

Regrlon Ranpe N Refaronze
Sewthemn Lake M 12 =94 4 {Hobbins and Edginglon, 1975)
-5 i6  (Edgington and Kaobivins, 1976a)
44 | {Golden et al.. 1993)
{--74 5 {Hermanson and Chostensen, 1991)
Morilerm Lake M| 15 -21 3 { Rubbins and Edginglon, 1975)
401 A (Edgington and Rohbing, 1976a)
232 2 (Gindden et al., 1993)
o T @ {Hermanson apd Chnisfensen. 1991)
Green faw 21 - 189 5 (Hermansan and Chrsiansen, 1991)
2 - 145 63 {Manchesier-Measvig et 2. 199¢)
4

Crranel Traverse Ray 106~ 110

(Caben, 2001)
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point sources of constituents. Any focuesing factor calculation 15 appraximarte at
best since it assumes that a constituent of interest behaves exactly the same as
the focusing estimator. In faci, a receat, as yet unpublished, study has shown that,
even for mventones of ""Cs and co-produced 7*Pu that entered the lake in an
essentinlly fixed ratio, there are systematic lake-wide differences of up o 30%.

Between 1987 and 1990, a comprehensive suite of § 23 cores or grab samples
were collected in Green Bay (Manchesler-Neesvig et al., 1996) providing detailed
map of nel mass sedimentation rates (table 2) averaging twice (46 mg em™ y)
than the open lake. Sediment accumulation was mostly concentrated in the southem
hall of the bay where values exceed 70 mg em* v (Manchester-Neesvig ¢l al.,
1996). Maximum sceumulation in the bay s approximately twice the highest rate
found m the southeasstern Lake Michigan depositional zone (table 2}, Most of the
material accumulating within the bay is derived from the Fox River and other
smaller rivers in the southem region of the bay. The Inghest concenirations of
orgamic carbon (~3%) were also concenirated along the southeasiern region of
the bay (Cahill, 1981).

Grand Traverse Bay is smaller in area, but substantially deeper than Green
Bay. The southern portions of both arms are somewhat jsolated from Lake Michigan
by a retatively shallow sifl. A suite of 67 sites were sampled with a Panar™ grab
for surface sediments and analyzed Tor grain size, organic carbon, and trace metals
(Baker-Blocker et al., 1975). The highest concentrations of organic carbon (5.3%)
and race clements were found in the depositional aress in the deeper regions of
both anms of the bay. Two cores, callected in the western arm in 1998 for trace
organic analysis, had similar accumulation rates of 100 mg emc v (table 2), higher
than most sites in the Iake.

Characteristics of recent sediments

In addition to the sampling programs descnibed above, there have been three major
whole-lake sediment sampling offorts, In 1973, the Canada Cenme for lnfand Waters
and the Hhnois Geological Survey collected 286 samples on a systematic gnd and
analyzed the upper 3 ¢ for 48 chemical elements, Eh, pH. and grain size (Cahill,
1981; Cahilt and Shitmp, 1984), Interpretation of these measurements lad 1o
classifying the surficial sediments as being from deposinional or non-dépositional
areas, in general agreement with the acoustic survey data (Lineback et al., 1970,
Linehack et al., 1971}, Cluster and principle component analvsis demonstrated
that anthropogenic trace metals were correlated with the fine gram sediment
fractions and arganic carhon.

Using the Cahull data as a guide, the University of Wiseonsin Sea Grant supported
the collection of ca. B0 box and (a few) grvity cores from all depositional basins
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of the laks in 1992, Finally in 1994-96 the EPA sponsored Lake Michigan Mass
Balance and Environmental Moniloriog 2nd Prediction programs complemented
the 1992 se1 with an additional 536 box cores [vom the depositional regions and 75
Ponar™ grab samples ia non-depositional nreas. Profiles of "'Cs and *Ph were
deternuned for the 134 box and gravity cores collected between 1992 and 1996
(Robbins et pl., 2005). Venical sedimen! transport models were used (o interpret
profiles, providing contour maps of apen lake state variables such as nel mass
accomulation rales, rates and depths of near-surface sediment mixmg, and residence
tmes of particles in the mixed layer,

Grain size distribution

The 286 surface sediment samples collected in 1975 were analyred for grain size
distribution {Cahill, 1981 yalong with the | {1 % collected during the 19905 (Endie and
Lozano, 1999). Although the former were all collected by a Shipek grab sampler,
and the upper 3 cm were compaosited, the size data were not different from the 0-
I cm box, gravity, and Ponar™ collections except for three lacations where the
newer box core daa were used. The resultant data are shown in figure 5, where
the distnbution of fine prain (<60 pm) materials show patterns similar to those of
the sediment accupmulation map (figure 4. The depositional basins along the castern
zide of the lake and in the deep northern basin are comprised ol nearly 100%, less
than 60 g melerls. The mid-lake ligh and non-depositional regions in the west
and south of the southern basin are low in the fine-grunad matenals (less than
40% of <60 wm over this area). The sontheastern region of ghest accnmulation
{figuee 43 is visually linked to the deep central basin via a corridor of <80 pm
malerials.

During the 1994-96 sediment collection program. the prolocel was 1o first collect
a ponar grab sample and evaluate [rom that whether a box core collection would
be teasible. ln marginal situations, & gravity core was collected rather than deploying
the more expensive box coring device. The resultant grain size distnibulion among
the three types of sediments (figure 6) shows that the box cores, collected
depositional areas, were comprised maostly of niaterials less than 60 jun, with the
majonty of the mass between 8 and 60 jhm. Gravity cores were miermediate. The
Ponar samples, a8 expected, had muel more material in the layger size (racthions,
Similarly, (Cahill, 1981} reported that samples from depositional regions had a
smaller mean grain size than noa-depositional sediments, and that the mean grain
#ize in both catesaries decreased with depth. All sampling methods recovered
strmilar mass fractions below & pm. 1t appears that significant amounts of fine
materials can be occluded in sandy inshore deposits, These deposils can “sequester”
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Fig. 5 The dizinbunion of surface scdiments wilh gram sizes of <60 im,
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contarninant Jaden fines that can, under sufficiently energetic near bottom current
régimes, can be transferred back 10 overlying water.

Organic carbon and CaCoO,

The distnbution of organic earbon from the 286 sarnples colfected in 1975 showed
Jugh concentralions in the depositiona) bisins (Cahill, 198 1), with several saniples
in the sputhcastem deposttional area excecding 7.5% organic carbon. ‘Fhese values
were subklantially greater than suvface (0-1 cm) concentrations of vrganic carbon
(Higure 7a) measured in the 1994-96 suite of cores, thus climinating the possibility
of combining the data setg. The higher values measured in the 1975 samples may
e due to the presence of high concentrations of carbonates in the southern basin
(figore 7b). We found that a portion of such carbonates were resistant (0 removal
by standard gcidification methods and speculate ihat these may be high Mg ealeite
or dolomite from the Silurian dolomite formation in the southern and westen regions
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of the fake and basin (Foster and Folger. 1994). An average of 12.6% dolomite
was reported (Rossmann et al., 1986) in a grid of nearshore (<24 m depth) surface
sediments in soatheastern area of the lake. The highest concentrations of organic
carbon in the 1994-93 sedirnents occur i the deeper portions of the take and tess
assaciated with the regions of high sediment accumulation. Carbonates are
coneentrated iy the southeastern portion of the lake and are associated with the
depositional areas in the southern patt of the lake. The carbonates are generally
lower in concentration in the northem half of the lake and ot as focnsed into
depositional regions.

Scdimenis as a reservolr

Many contaminants eatering Eake Michigan are rapidly removed (scavengad)
from walter because of their strong affiuity {or a varicty o[ settling particles. Efficient
scaveaging ensures that. within a few years of introduction, more than 90% of the
input has been debivered to sediments, Smce the hydeaulic residence nme of the
Lake 1s 30 loug (100 yr) compared with chavacteristic times of residence it water
(1-2 years), cssentizlly the entire load of particle associated, non-degradable
anthropogenic contaminants delivered during the past several centurses naw reside
at the bortom of the |ake.
While sedimenrs act as a vast resenvoir of contaminants, smatl amounts continug
w retom o overlying water. Studies (Eadie et al., 1984; Robbins and Eadie, 19917,
have shown (hat this is primarily the result of an anneal cycle of sediment
resuspension and redeposition releasing constituents from sediments back iato the
watet. The long-term, vittually exponential post-fatlout decline of 2Py and (decay-
conneeted) s in water has about a 20-year time constant (Wahlgren ei al.,
[980), which probably characterizes the net rate of incorporation of these tracers
into permanent sediments (Robbins, 1982), a refatively long and ineflicient process.
The exponential character of the decline indicates that amounts retaroed (o water
originate from a sedimentary pool of tesuspenduble sediments in which contributions
to st have been time avevaged. This probably 1s a result of mixing of near-surface
sediments by a corbination of physical and biclogical proeesses.
fien exantining the diseribution of concentrations in “‘surface” sediments, one
must acknowledge that they are conceptually integrating through ime. The ~ape™
of the “surface™ samples spans a range fram 0 1o 100 years in southerm Lake
Michigan (Edgington and Robbins, 1976¢; Robbins and Edgington, 1975) and from
0 to 80 years in Green Bay (Manchester-Neesvig et al. 1996). This value can be
estimated by dividing the thickness of the sainpling intervat by the estimate of
sediment accumulation rate. Thus, our exercise of measuring concentrakions of
various constituents in the upper 1 cnt of sediment shices through a spectrum of
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Fig. 7. aj. The distribution of surface sediment organic carbon conceniration from the 1994-96 samples. The maximum valug was 49.9 mg OC g™ (5%).
b). The distiibution of surface sediment inorganic carbon concentration, represented as CaCO,, from the 1994-56 samples. The maximum value was
43.5%.
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timie, and the resultant patterns nay melude all or only a portion of a tronsient load
(e.g 'Cs POB). Various locations have undergone different levels of diagenesis.
During the years that these malerials are part of the resuspendable pool, they
constilne the majar non-point saurce of puidents and contarmimants 1o the pelagic
gvatenn. This material serves as o food source for surface deposit feeders and is
consequently mixed during their feeding activities, a process termed bioturbation
{Robbins, 1982; Robbins, 1986, Robbtins et al.. 1980}, This pool also is probably
the source for some of the material that mnkes up the benthic nepheloid layer
(Chambers and Eadie, 1981; Eadie and Robbins, 1987) which plays a major role in
coupling the inventory of constituents in surface sediments with overlving lalke
water throughout the year The materials in these wangjent reservoirs are
bivzenchemically fransfommed within the lake, then redistribuied throughout the
vear by 4 spectum of energetic evenls,

Sediment particles (and rheir associatod mutrients), radionuchides, and exatic
organic compounds are predominantly iransferred within the cousial zone of large
lakes and enclosed scas in cpisadic pulses (storms, spring runoff), The resuspension
of surface sediments im the Great Lakes, comaining the large inventories of nutnients
and contaminants deposited over the past few decades, presently rosults i greater
fluxes to the water columa than from external inputs (Brooks and Edeington, 1994;
Eadic ctal., 1984 Eadie and Robbins, 1987; Badic et al,, 1990: Robbing and Eadie,
1991), The trap profiles, along with sateHite imagery {Eadie ¢t al., 1996) and other
evidence show that particle transport is concentrated in the unstratified perod und
appears 1o be episodic. The most energetic currents and waves oceur during
storma, One major event, which appesrs 10 oceur annually in southern Lake
Michigan, is the formation of'a coastal lurbidity plume in laie winter-garly spring,
These cvents were firal documented (Mortimer, 1988) from saiellite tmapes
obtuined during the Tate 19705 and early 1980s. For the ‘past several years,
intermnifteént satellite coverage has revealed the presence of the plume in the visible
wavelengths with a clear pffshore projection that coincides with the region of
maximum sediment accemulation in the lake. In the southern basin of Lake
Michigan, atongshore currents are initially driven by pulscs of wind, but can
subsequently reverse direction us the charactenistic two gyre wind-driven circulation
pattern rolates around the basin as a two cell vorticity wave (Beletsky and Schwab,
2001; Beletsky et al., 1999; Saylor et al,, 1980; Schwab, 1983), The relaxation
ume of this response 15 in the order of several days. Because the predominant
winds are From the west, circularion in the southermmost part of the southern basin
1 mare frequently counterclockwise (cyclionic) than clockwise. Because of the
onentation of Lake Michizan, northerly winds generate the largest waves (in the
southern basin), and, therefore, the greatest energy available for resuspension of
nearshore sedimentary matenal, and would also contribute to southward transport
wvery near the shore in the southwestern part of the Iake (Low enal., 2000).
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Contaminant patterns

A population of gver M0 mitlion residing within the basin coopled with its long
hwdraulic residence time has resulted in critical issucs relating to anthropogenic
contaminants. Analysis of the composition of the 1975 sediment samples (Cabill,
1981 Cam!l and Shimp, 1984) concluded that the depositional and non-depositional
areas could be delineated from grain size information. Trace elements, such as Br,
Cr, Cu, Ph, and Zn were highly enriched in surfece sediments of depositional
regions. Organochlorine compaonds in these same surface sediments, analvzed
with a packed column GC, also were highest jn depositional regions (Frank et al.,
[981), although differences in the concentration pattems in sediments imphied
specific sources, such as the Fox River, and the Milwaukee and Waukegan Harbors
tor PCHs.

PCB manufacture and use were bnmed m 1977, but interest in this suite of
compounds has continued, sinee they may cause chronic harm as endocrine
disrupters, They serve o5 an example of the pathways of hydrophobic organic
matertals in the lake. Sedunent samples collected fram 1978 to J980 in the southern
basin, and analyzed using a high-resolution capillary GC, showed patterns similar
1o the 1975 data (Frank etal,, 1981). Average PCB concentration in the depositional
regions was 81 ng g and only 7.2 ng g™ in the non-depositional regions examined
The swvey alse found very high concentrations of PCB in the Wankegan Harbor
(up to 3,600,000 ng 2°*). In two sets of dated cores, estimates of PCB flux to the
sediments of Lake Michigan mnge from 6.9 o 10 pg m™® y* (Hermanson et al,,
1991; Strachan and Eisenroich, ) 988; Swackhamer and Armstrong, 1988) PCB
inventories, corrected for focusing, ranged from 24 to 144, with an averaze of 67
ng em” (Hermonson et al., 1991) and B0-205, with an average of 125 ng cm*
(Crolden el al., 1993)in the open lake.

The concentration of PCBs in Green Bay is gher than the open lake due 1o
the large inputs from the Fox River. Concentrations near the river mouth have
been measured at 2,730 (Swackhamer and Armstrong, F988) ond 2,000 ng g
{Hermanson el al.. 1991). Congener dishibution in the bay is different from the
open lake with igher concentrations of lower chlorinated materials present in the
bay. A long history of PCB use in the paper industry along the Fox Raver and
these high PCB concentrations led o a major EPA stady in the late 19R0s, A
major sediment survey (162 sites) was undertaken to map PCBs and sediment
accumulation i the bay (Manchester-Necsvig el al., 1996). Both maximum sediment
accumulation rates and maximum PCB concentrations were confined to the
southern portion of the hay. [ was estimated thar the bay contains 8,500 Kg of
toral POCH.

Mercury concentrations in recenl sediments have heen reporied several nmes
{Cahill, 1981, Kenmedy et al., 1971} and have recently been summanzed (Rossmann,
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2002). Concentration patierns for the three smdies ave generally similar, appear to
be declining, and generally conform to bathymetry, with same elevation in the
southeastern depositional region. Concentrations in the 118 locations collected
from 1994-96 ranged fram 2-260 ng g and averaged 78 ng g'. The estimated
flux into the depositional basing was 7.2 ng em* y'l. Higher concentrations and
Muxes were found o Green Bay (Rossmanm and Edgington, 2000), with con-
centrations up 6 1100 ng g and the average Mux Lo the sediment was 20 ng g '

The lake sediments thus represent a major ransient reservair Tor the particle-
associated matenals delivered Lo the lake. In-lake mixing processes and local
bioturbation combine to craate a reservoir representing decades of inputs available
for exchange through resuspension and biological pathways. Large episodic events
resuspend, sort, and wansport these materials from temporary sinks o more
permanent sinks with a small fraction becoming incorporated nanually into the
sediments of the depositional basins, The lake average time constant for this
removal is estimated (o be 20 years, Dunng these resuspension gvents, there is an
opportunity for the lake to re-equilibrate with the constituents in she resuspendable
pood of the sediments representing years to decades of conshituent loading

Summary

Lake Michigan sediments are a dynamic reserveir of materials. In-lake mixing
processes and local bioturbation combine Lo create a reservoir representing decades
of inputs avaitable for exchange through resuspension and biological pathways.
BT erosion is the man extemal source foa, 66%) of new particulate material to
Lake Michigan with tributary and acolian particulate matter contributing about
12% cach. These materials acquire signatures characteristic of the lake and migrate
toward depositional basins, primarily along the castern slope of the lake. The majority
of this transport occurs within a fow years, although the migration continues for
over a decade. Transient intemal sources of particulate matler, biopenic silica,
organic matier, and carbonates, eventually average about 15-20% of sediments in
the depositional basing of the lake. Over 50% of the bottom of the lake does not
permanently accumulale seduments, und this pattert has remained consistent for
thousands of years. At the present time these depositional basing conrain vast
quantings of excess nutrients and contammnants delivered over the past century,
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